transpeptidation catalyzed by sortase a allows the preparation of proteins that are site-specifically and homogeneously modified with a wide variety of functional groups, such as fluorophores, peG moieties, lipids, glycans, bio-orthogonal reactive groups and affinity handles. this protocol describes immobilization of sortase a on a solid support (sepharose beads). Immobilization of sortase a simplifies downstream purification of a protein of interest after labeling of its n or c terminus. smaller batch and larger-scale continuous-flow reactions require only a limited amount of enzyme. the immobilized enzyme can be reused for multiple cycles of protein modification reactions. the described protocol also works with a ca 2+ -independent variant of sortase a with increased catalytic activity. this heptamutant variant of sortase a (7M) was generated by combining previously published mutations, and this immobilized enzyme can be used for the modification of calcium-senstive substrates or in instances in which low temperatures are needed. preparation of immobilized sortase a takes 1-2 d. Batch reactions take 3-12 h and flow reactions proceed at 0.5 ml h −1 , depending on the geometry of the reactor used.
IntroDuctIon
Proteins are attractive therapeutics, diagnostic tools and imaging agents, but their application as such often requires the installation of additional, nongenetically encoded functional groups. Various methods for protein labeling exist, but these often lack specificity, and thus they may compromise protein function. Attachment of PEG (PEGylation), incorporation of dyes and other functional groups, as well as the generation of antibody-drug conjugates usually rely on modification of endogenous cysteine or lysine residues, which can lead to heterogeneous products, unspecific labeling and loss of protein function. For example, PEGylation, while increasing circulatory half-life 1 , may cause a decrease or even loss of biological activity owing to the chemical modification(s) imposed 2 . Such results have also been observed when preparing antibody-drug conjugates 3 . Heterogeneity after labeling may confound accurate dosing and complicate drug approval and pharmaceutical production.
The transpeptidation reaction catalyzed by sortase A allows sitespecific protein modification with functional groups of choice, such as dyes 4 , biotin 4 , click-handles 5 , nucleic acids 6 , carbohydrates 7 , lipids 8 and PEG moieties 9 . The modification is installed in a controlled and site-specific manner, in near-quantitative yields. Engineered variants of sortase A with increased catalytic activity allow more rapid protein modification at lower temperatures, which enables a wider range of applications 10 .
Advantages of sortase-mediated reactions using immobilized sortase A sortase-mediated reaction comprises enzyme, substrate and the desired functional group to be installed. This reaction allows functionalization of a (poly)peptide of choice at its N terminus [11] [12] [13] , C terminus 4, 14 , at a specific internal site 15, 16 or at both termini using two orthogonal sortases 11 . Upon completion of the reaction, the labeled product requires further purification. To this end, both sortase and the input substrate can be engineered to contain an affinity tag, most commonly hexahistidine (His 6 ) , at their C termini. This tag is lost upon successful transpeptidation of substrate, so that His-tagged sortase A and unreacted substrate can be removed in a single step by affinity chromatography on an Ni-nitrilotriacetic acid (NTA) matrix. Gel filtration can then be used for further purification of the product by removal of excess free peptide 17 . Affinity chromatography cannot always resolve input material from the labeled product, either because both species contain an affinity tag (as applied to N-terminal labeling reactions 11 ) or because the intrinsic properties of the substrate and/or product cause nonspecific binding to the affinity resin 15 . In these situations, product purification by gel filtration and/or ion-exchange chromatography are possible alternatives. As described in this report, the use of immobilized sortase accelerates the purification process and obviates the need for removal of sortase.
A concern frequently raised with regard to sortase-mediated reactions is the amount of sortase A required, as the enzyme and the substrate are typically used at near-equimolar concentrations. This is of particular worry for large-scale reactions, which therefore require sizable amounts of enzyme, whose presence can complicate downstream purification steps in large-scale applications. Immobilizing sortase A on a solid support can overcome these technical limitations, as it allows using sortase A in continuous-flow reactions. The prepared sortase columns can be reused, thus affording scale-up of the reactions and minimizing batch-to-batch variation. The amount of sortase A required for large-scale reactions may thus be decreased and downstream processing is simplified. Even for small-scale batch reactions, the use of immobilized sortase facilitates the analysis of reactions by simplifying the composition of the mixture of proteins in solution.
Site-specific protein modification using immobilized sortase in batch and continuous-flow systems Sortase A mutants with increased activity can further decrease the amount of sortase needed for large-scale reactions. They can be used at lower concentrations, either in solution or when immobilized. Moreover, these mutant sortases can function at reduced temperatures (4 °C), compared with 20-37 °C used for sortagging 10 with the wild-type enzyme that facilitates labeling of sensitive proteins. However, both wild-type sortase A and the evolved pentamutant sortase (5M) require Ca 2+ as a cofactor, which compromises their utility in applications in the presence of Ca 2+ or in combination with buffers such as PBS. We recently described a sortase A variant, termed heptamutant sortase A (7M), which combines the pentamutant version with increased catalytic activity with mutations that render sortase calcium independent 18 , resulting in an enzyme with increased activity and no longer requiring Ca 2+ (ref. 19) (Fig. 1) . The immobilized variant of this enzyme facilitated straightforward modification of aerolysin and greatly simplified the purification of the modified product.
This protocol describes immobilization of Staphylococcus aureus sortase A and its variants on Sepharose beads for modification of either the N or C terminus of a substrate in small-batch or continuous-flow mode for larger-scale reactions (see Fig. 2 for overall schematic). The continuous-flow mode is most effectively applied to C-terminal labeling reactions, in which the substrate and the modifying nucleophile are provided in solution, but it may also be applied to N-terminal reactions by prereacting the resin with an LPXTG-containing probe to boost yields. Before performing conjugation reactions using the continuous flow system, suitability of the designated protein as a substrate for sortase A should be evaluated in small-batch reactions.
Detailed protocols for production of sortases, sortase substrate design, peptide synthesis and sortase reactions in solution are provided in previous protocols 20, 21 . Sortase A immobilization has been previously described using a different strategy from that detailed in this protocol 22 . The protocol outlined here offers a more rapid, covalent immobilization procedure, as well as the use of the calcium-independent heptamutant sortase A to increase the utility of the reaction. In immobilized form, the heptamutant sortase enables a reduction in the amount of enzyme needed while accelerating the reaction in a wide array of buffers.
Limitations of the continuous flow method
Purification and immobilization of sortase, as well as packing a column or cartridge with the sortase-conjugated beads, for use in a continuous flow reaction takes time. However, the ability to reuse immobilized sortase saves both time and resources. Flow reactions for N-terminal labeling require slightly longer reaction times owing to the preequilibration of the column with an LPXTG-containing probe. Nonspecific binding of the substrate of interest or of the label itself may interfere with the immobilized sortase labeling reaction if blocking procedures are not carefully followed. In our experience, nonspecific binding is negligible ( Figs. 3 and 4) . Nonetheless, the occurrence and extent of nonspecific binding must be determined empirically for every reaction. A higher concentration of immobilized sortase may be required to achieve a similar degree of labeling when compared with soluble sortase, as not all sortase active sites may be equally accessible as a consequence of immobilization.
Experimental design and general considerations
Sortase A or derivatives with increased activity and/or Ca 2+ independence, including the heptamutant sortase A, are expressed and purified as described 20 , followed by immobilization on commercially available cyanogen bromide-activated Sepharose. Free amines of sortase A react with the activated resin and form an iso-urea or an imidocarbonate derivate (Fig. 1a) . For small-batch reactions, the sortase-containing beads are mixed with substrate and labeled in a microcentrifuge tube and reacted for 3-12 h at 37 °C. The heptamutant sortase A described here can be used at reduced temperatures, as low as 4 °C. Small-scale test reactions are performed to optimize the labeling time, labeling temperature and probe-to-substrate ratio. These small batch reactions are also more rapid for small-scale labeling reactions. For larger-scale preparative reactions, we pack a column with immobilized sortase A (10 mg of enzyme in a 5 × 70 mm column) and equilibrate it with sortase reaction buffer at 37 °C. The optimal labeling temperature and probe-to-substrate ratio, as determined in the batch reaction, provide good starting conditions for the optimization of the flow reaction. We vary the flow rate and determine the conversion of the substrate by taking aliquots and analyzing them by SDS-PAGE.
For C-terminal labeling of a protein on a larger scale, we load the column with the desired substrate protein bearing a sortase-recognition motif LPXTG at its C terminus (where X can be any amino acid, although typically glutamic acid is used; Fig. 5 ) together with an oligoglycine probe harboring the functional group to be conjugated onto the protein.
For N-terminal labeling, we use a similar approach (Fig. 6) . Here the column is preloaded with an LPETGG-containing peptide, which is decorated with the substituent of choice at its N terminus. This allows the acyl intermediate to form on-resin before incubation with the Gly n -modified substrate protein to be labeled. This preincubation step is essential to increase the yield of the labeled product. proceDure part 1, immobilization of sortase • tIMInG 8-9 h 1| Take 30 mg of stock sortase A or heptamutant sortase A and exchange the buffer to NaHCO 3 /NaCl coupling buffer through dialysis or with spin concentrators. Dilute the sortase to a total volume of 7 ml of coupling buffer.
2| Split 1 g of dry cyanogen bromide-activated Sepharose into two 25-ml polypropylene gravity flow columns.
3| Add 20 ml of cold 1 mM HCl swelling solution to each column and cap each end. Incubate for 7 min at 4 °C by rotating it in an end-over-end mixer. After uncapping, gently vacuum the liquid through the bottom frit. Repeat this step five times. Note that good swelling of the Sepharose beads is required to obtain good immobilization efficiencies.  crItIcal step Do not let the beads dry out.
4|
Combine the beads into one column and flow 200 ml of cold distilled water through the column with vacuum at 4 °C to wash the beads.
5|
With vacuum, flow through 10 ml of NaHCO 3 /NaCl coupling buffer at 4 °C.
6|
Immediately after washing, add the 7 ml of sortase A solution from Step 1. Remove a small amount (~50 µl) of the supernatant for coupling efficiency analysis (Step 15). Rotate in an end-over-end mixer at RT for 2 h.  crItIcal step Avoid amine-containing buffers, such as Tris, or other nucleophilic buffers, as they will react with cyanogen bromide-activated Sepharose.  pause poInt The coupling can be done at 4 °C overnight.
7|
Remove the supernatant by gravity flow and carefully collect it to keep it as a control (Step 15).
8|
Flow through 20 ml of NaHCO 3 /NaCl coupling buffer, using vacuum to wash the resin.
9|
Modify any remaining unreacted cyanate ester groups with 15 ml of blocking solution for 2 h at RT, by rotating the mixture in an end-over-end shaker.  pause poInt The blocking step may be carried out for 16 h at 4 °C.
10|
Flow through 15 ml of ice-cold NaHCO 3 /NaCl coupling buffer using vacuum to wash the resin.
11|
Flow through with vacuum 15 ml of 0.1 M AcOH/NaCl buffer at pH 4 to wash the resin.
12|
Repeat Steps 10 and 11 five times.
13| Flow through 15 ml of ice-cold TBS buffer using vacuum to wash the resin. Repeat this step three times.
14|
Resuspend the beads with an equivalent volume of TBS buffer to obtain a 50% slurry and transfer it to a tube or vial for long-term storage.  pause poInt Immobilized sortase from S. aureus can be stored at 4 °C for 3 months or until degradation or loss of efficency is observed. The heptamutant sortase has a shorter lifetime of 3-4 weeks. Longer storage at 4 °C in the absence of a bacteriostatic or bactericidal is not recommended, as the protein may degrade or contamination may occur. The resin can be frozen in 20% (vol/vol) glycerol at −20 °C or lyophilized in the presence of sucrose and stored at −20 °C for even longer periods. For freeze-drying, we recommend gradually freezing the slurry at −20 °C before lyophilizing to minimize damage to the beads. After reconstitution, wash the resin with TBS buffer.
15|
Analyze aliquots of the supernatant taken before and after immobilization (from Steps 6 and 7) by SDS-PAGE to estimate sortase A coupling efficiency and the concentration of enzyme that is immobilized on the beads. It will be beneficial to create a serial dilution of the initial sample to achieve a better coupling efficiency estimate. The coupling efficiency should be 90-100%. ? trouBlesHootInG
16|
You can now either use the beads for small-scale batch labeling reaction to test their function and determine optimal reaction conditions (perform the steps in Part 2 of the PROCEDURE) or, if you are already satisfied that the beads will perform their function, you can perform flow reactions for large-scale protein production (perform the steps in Part 3 of the PROCEDURE). 18| Swirl the beads using an end-over-end shaker or a thermomixer (800 r.p.m.), and take aliquots (2 µl) from the supernatant after 1, 2, 4, 8 and 16 h. Note that different temperatures have to be screened to arrive at the optimal reaction conditions. For the regular sortase A, the optimal reaction temperature is between RT and 37 °C. The heptamutant sortase is active at reduced temperatures. Most commonly, heptamutant reactions are performed between 15 °C and RT, although temperatures as low as 4 °C can be used for particularly sensitive experiments.
19|
Remove the beads by centrifugation through spin filters at 280g for 5 min at 4 °C. Recover the supernatant and immediately denature the proteins by adding 1× LDS sample buffer and boiling for 2 min. The beads may be washed several times with TBS buffer and saved for further use.
20|
Analyze the samples by SDS-PAGE, followed by fluorescence scanning, western blotting or Coomassie staining, depending on the probe being used.
purification of the batch reaction • tIMInG 4 h 21| Repeat the batch reaction using the optimized reaction time and temperature. Use a minimum reaction volume of 100 µl.
22|
Transfer the reaction to a centrifuge tube filter, centrifuge it at 280g for 5 min at 4 °C and collect the fluid phase.
23|
Wash the resin beads with 1× sortase buffer, centrifuge again and collect the fluid phase. Note that the beads may be stored at 4 °C in TBS buffer, and they may be reused until degradation or loss of activity is observed (as evidenced by decreased conversion of the substrate on Coomassie staining, fluorescence staining or western blotting).
24|
Combine the yield from Steps 22 and 23.
25|
Load the protein onto a previously washed and equilibrated size-exclusion column Superdex 75 (10/300 GL). Elute the protein with 25 ml of purification buffer at a flow rate of 0.5 ml h −1 .
26| Collect 1.3-ml fractions, and combine the positive fractions for protein (based on the UV spectra). Concentrate using an Amicon concentrator at 2,080g at 4 °C.  pause poInt Final storage depends on the stability of the protein being labeled. Usually, storage at 4 °C is optimal for the short term, whereas storage at −20 or −80 °C with 10% (vol/vol) glycerol is optimal for longer durations. 31| Collect 1.3-ml fractions and combine the positive fractions for protein (based on the UV spectra). Concentrate using a centrifugal concentrator at 2,500g at 4 °C.  pause poInt Final storage depends on the stability of the protein being labeled. Usually, storage at 4 °C is optimal for the short term (3 d), whereas storage at -20 °C or -80 °C with 10% (vol/vol) glycerol is optimal for longer durations.
regeneration of the immobilized sortase column • tIMInG 30 min 32| Wash the immobilized sortase column with 3 ml of column washing solution at a flow rate of 30 ml h −1 .
33| Wash the column with 3 ml of TBS buffer by hand injection.
? trouBlesHootInG  pause poInt The column can be stored at 4 °C until the next sortase reaction.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG 
antIcIpateD results
The anticipated loading of the resin using the above described conditions is ~7.5 mg of sortase A per milliliter of packed resin, and this resin can be stored for several weeks to months at 4 °C depending on the sortase variant used. A successful sortase reaction will result in the formation of product, which, depending on the probe used, can be visualized by fluorescence scanning (if you are using a fluorescent dye), western blotting (if you are using biotin or an affinity tag) or Coomassie staining (if the substrate and the product differ in apparent MW sufficiently to be visualized by SDS-PAGE). Figures 3 and 4 present a successful batch C-terminal and N-terminal labeling reaction, using immobilized heptamutant sortase A and sortase A, respectively. Sortase A should not be visible in any of the samples, as it is immobilized and removed by filtration/centrifugation in the case of batch reactions. As an acyl intermediate may form, a decrease in protein signal Load the LPXTGG-containing (poly)peptide on the immobilized sortase column and let it incubate at 37 °C for 1-2 h Decrease the amount of injected protein or increase the amount of LPXTGG probe for the incubation Use SDS-PAGE to check the conversion rate, and adjust the flow rate Prepare a fresh batch of immobilized sortase Increase the length of the Gly n N terminus Reaction conditions should be tested in batch using soluble and immobilized enzyme, before scaling up to the continuous flow system This may occur more frequently with the heptamutant sortase. Reduce the temperature and/or reaction time
